Abstract: This study investigates the mechanical reinforcement of chitosan with TiO 2 and Ag nanoparticles, as well as their water vapour transmission rates and water resistance behaviour. The mechanical properties of chitosan were improved by addition of TiO 2 or Ag, with significant increases in Young's modulus (from 25 MPa to ~300 MPa), tensile strength (from 6 MPa to 18-35 MPa) and toughness (from 1.3 J g ) were found to be similar for both materials. Inclusion of Ag reduced the water resistance (from 823% to 1,000%), while inclusion of TiO 2 yielded significant improvement in water resistance (from 823% to 100%).
Introduction
Chitosan is a linear cationic polysaccharide derived from chitin, one of the most abundant polysaccharides occurring in nature [1] . Its physical properties have resulted in widespread use in the food, pharmaceutical, and environmental industries [2, 3] . For example, chitosan is approved by the United States Environmental Protection Agency as a plant growth extractor to boost plants' ability to defend against fungal infections. Furthermore, it is structurally similar to the extracellular matrix component glycosaminoglycans as well as being biocompatible, biodegradable and antimicrobial [1] [2] [3] [4] . The exact mechanism behind chitosan's antimicrobial effect is still under discussion, with several studies pointing towards its ability to enter the bacterial cell wall through pervasion and formation of a polymer membrane on the surface of the cell wall [2, 5, 6] . The former prevents nutrients from entering OPEN ACCESS the bacterial cell, while the latter disturbs the physiological activity of the bacterium [6] . Chitosan has been found to be effective against both Gram-negative and Gram-positive bacteria, although its effectiveness depends on its molecular weight, degree of deacetylation (DD) and concentration as well as the surface characteristics of the bacterial cell wall (hydrophilicity and charge) [2, [5] [6] [7] [8] . For example, chitosan antibacterial effect increases against Gram-positive bacteria with increasing molecular weight, while the reverse was observed for its effectiveness against Gram-negative bacteria [5] . While it has also been determined that positively charged chitosan is more effective against bacteria whose cell wall is predominantly negatively charged [6] . As such, chitosan shows great promise for use as a scaffold in tissue engineering, wound dressing applications, the antimicrobial treatment of textiles as well as water disinfection and microbial control [2, 9] .
Applications such as food packaging and wound dressings frequently require processing of chitosan into films. This is not straightforward as chitosan is insoluble in most common solvents (including water), but can be overcome by dissolving chitosan in dilute aqueous acidic solutions [10] . It has been established that aqueous acetic acid is one of the most suitable solvents in terms of the resulting film properties such as tensile strength, strain-at-break (extensibility), resistance to water and water vapour permeability [10] . However, the relatively lack of mechanical stiffness and resistance to water of these films (prepared by evaporative casting) has resulted many researchers to seek improvement through physical and chemical methods (such as UV-curing) as well as combining chitosan with clays and nanoparticles [10] [11] [12] [13] .
Nanoparticles such as titanium dioxide (TiO 2 ) and silver (Ag) have attracted attention due to their ability to improve mechanical properties, and antibacterial effectiveness against Gram-positive or Gram-negative bacteria and cell growth [9, 11, 12] . Recent work has shown that combining chitosan or modified chitosan with Ag into composites resulted in films and hydrogels materials with enhanced antimicrobial activity, increased tensile strength but decreased water vapor permeability [14] [15] [16] . In other recent work, it was shown that combining chitosan with TiO 2 or Ag nanoparticles yields materials with antibacterial activity against Gram-positive bacterium Staphylococcus aureus and Escherichia coli as well as displaying promising wound healing characteristics. Most existing reports have prepared chitosan composite films with low Ag/TiO 2 nanoparticle content, i.e., below 2.5% (by weight relative to chitosan), and focus mostly on cell and antibacterial studies [14, 15, [17] [18] [19] . The mechanical properties (Young's modulus, tensile strength and toughness) of these chitosan-nanoparticle films have not been addressed in detail.
Glycerine (or glycerol, glycerin) is a polyol compound which is widely used in a diverse range of industries. For example, in the food industries it is added as a humectant, while it is also used to produce an essential ingredient (nitro-glycerine) for explosives. Of particular relevance to the research presented in this paper is its usage as a plasticer to increase polymer film flexibility [20] .
In this paper, we investigate the mechanical properties of chitosan, TiO 2 , and Ag composites with nanoparticle content between 10% and 30% (by weight relative to chitosan). We show that water vapour transmission rates and water resistance of our materials is comparable commercial materials.
Experimental Section
Chitosan (batch CHM1: medium molecular weight, 75% degree of deacetylation (DD), viscosity ≈ 453 cP, product number 448877 -lot number 07918TE; batch CHM2: medium molecular weight, 79% DD, viscosity ≈ 915 cP, product number 448877 -lot number 04609LD; and batch CHH: high molecular weight, 75.6% degree of deacetylation, viscosity ≈ 1,406 cP, product number 419419 -lot number 10305DD), glycerine, titanium dioxide nanoparticles (diameter, d < 100 nm, 99.9% TiO 2 , lot number 12908CH) and silver nanoparticles (99.5% Ag, d < 100 nm, lot number 07916BH) were obtained from Sigma Aldrich and used as received. Viscosity (1% chitosan in 1% acetic acid) and DD as specified in Sigma-Aldrich's Certificate of Analysis.
Film Preparation
Chitosan (CH) solutions were prepared by dissolving 2 g chitosan in 90 mL Milli-Q water (resistivity 18.2 MΩ cm) under continuous stirring for 2 h at 70 °C, followed by addition of 10 mL acetic acid (5% v/v). CH-glycerine solutions were prepared by addition of 15%, 30% and 50% of glycerin (by weight relative to CH). CH-TiO 2 and CH-Ag dispersions were prepared by bath sonication (Unisonics FXP 12D, bath volume = 3.3 L, frequency = 40 kHz, power density = 36 mW cm ) of 200 mg, 400 mg, and 600 mg TiO 2 or Ag in 90 mL Milli-Q water for 30 min. This was followed by addition of CH (2 g), glycerine (30% by weight relative to CH) and 10 mL acetic acid (5% v/v) under continuous stirring for 2 h at 70 °C. The resulting TiO 2 and Ag content (by weight relative to CH) are 10%, 20% and 30%.
All films were prepared by evaporative casting. Briefly, a solution was deposited onto an acrylic plate, allowed to dry under controlled ambient conditions (21 °C, 50 ± 5% relative humidity, RH) for at least 2 days, before peeling off and pre-conditioning in a desiccators under controlled ambient conditions for at least 2 day prior to usage.
Characterisations of Films
Stress-strain measurements were obtained using an Instron Universal Testing Machine model 8501 with ±10 kN grips and cross-head speed 20 mm/min. All films were cut into 2.5 cm × 10 cm samples, while film thickness was measured using a hand-held micrometer (Mitutoyo). Young's modulus, tensile strength, and toughness were calculated from the slope of the linear part of the stress-strain curve, the maximum stress, and by integrating the area under the stress-strain curve, respectively. A minimum of five independent stress-strain measurements were obtained per sample.
The morphology of the composites films was carried out using a field emission scanning electron microscope (JEOL JSM-7500 FA). SEM images of cross-sections were obtained as follows. Samples were freeze-dried in liquid nitrogen (−160 °C), fractured at −150 °C and subsequently were imaged by SEM.
Water resistance was measured by immersing dry films into 150 mL Milli-Q water at 21 °C. After 24 h, the films were removed, wiped gently with a tissue to expel surface water and weighed. Water swelling (WS) was determined from the equilibrium-swelling ratio defined as:
where L dry and L wet are the weight of the dry and wet films, respectively. A minimum of five independent measurements were obtained per sample. The water vapour transmission rate (WVTR) was measured following a modified ASTM International standard method as described previously [21] . Each sample is fixed on the circular opening of a permeation bottle (d = 1.5 cm, height = 5.0 cm) with effective transfer area (A = 1.33 cm 2 ), and placed in a desiccators (17 °C, 50 ± 5% RH). The WVTR is then determined by measuring the rate of change of mass (m) in these water-filled permeation bottles at exposure times (∆t = 0, 1, 2, 3 and 4 days) using:
where m/∆t is the amount of water lost per unit time transfer and A is the area exposed to water transfer (m 2 ).
Statistical Treatments
The reported results are averages of the four values obtained. Reported numerical errors and graphical error bars are given as ±1 standard deviation (SD). Data and outliers were rejected either when instrumental error was known to have occurred, or if data failed a Q-test with a confidence interval ≥95%.
Results and Discussion
Free-standing films (thickness 70-100 μm) were successfully prepared by evaporative casting technique. The resulting films ( Figure 1) were robust, flexible and could be easily cut into strips for characterization. The transmittance of CH films is 70% in the visible wavelength range (data not shown). Increasing the film thickness from 70 μm to 100 μm resulted in a reduction in transmittance from 70% to 60% (data not shown). Glycerin (a well-known plasticizer) has been included to improve the brittleness and handle-ability of the films. Increasing the glycerine concentration from 10% to 50% did not reduce the transmittance. Chitosan films incorporated with 0%, 15%, 30% and 50% of glycerine (by weight relative to chitosan) are hereafter referred to as CH0, CH15, CH30 and CH50, respectively. The CH-TiO 2 and CH-Ag films, each of which contained 30% glycerine (by weight relative to CH) were not optically transparent as evident from the photographs in Figure 1(b,c) . and strain-at-break (γ) = 10 ± 2% ( Figure 2 and Table 1 ) are a result of the polymer conformation and the attraction energies (electrostatic attraction, van der Waals forces and hydrogen bonding) between the chitosan chains [17] . Inclusion of glycerine (a well-known plasticizer) significantly reduces the mechanical properties, but increases the strain-at-break hereafter referred to as extensibility (Table 1) . For example, addition of 30% glycerine (by weight relative to chitosan) results in a decrease in Young's modulus (from 1223 ± 173 MPa to 25 ± 7 MPa), tensile strength (from 39 ± 5 MPa to 6 ± 1 MPa) and toughness (from 2.45 ± 0.08 J g ), while the extensibility increased from 10 ± 1% to 32 ± 2%. This behaviour is in excellent agreement with the well-known plasticizing effect of glycerin [20] . (a) comparison for glycerine content (by weight relative to CH) of 0% (CH0), 15% (CH15), 30% (CH30) and 50% (CH50); and (b) comparison between composite films containing 10% (by weight relative to CH) of TiO 2 (CHTi10) and Ag (CHAg10). The CHTi10 and CHAg10 films were prepared with 30% glycerine (by weight relative to CH). All films were prepared using chitosan batch CHM1. Table 1 . Properties of films prepared using chitosan (CH) and glycerine. Glycerine content by weight relative to chitosan (GC), thickness (thick), tensile strength (TS), Young's modulus (E), toughness (T), strain-at-break (γ) and water resistance (WR) for the different CH materials. All films were prepared using chitosan batch CHM1. Chitosan is comprised of chains of D-glucosamine with the amount of amino functional groups determined by the degree of deacetylation (DD), i.e., DD = 75% indicates 3 amino functional groups per repeating unit consisting of four saccharide groups. It is well known that the mechanical and physiochemical properties and antimicrobial activity of chitosan depend on a range of factors such as average molecular weight and DD [2, [4] [5] [6] . The effect of chitosan molecular weight on mechanical values was investigated further by preparing chitosan films with 30% glycerine using: (i) a high molecular weight chitosan (CHH) and (ii) a different batch (CHM2) of the medium molecular weight chitosan product (Table 2 ). Their DD values are similar, but there is a large difference in viscosity (η) between the different batches of the same medium molecular weight chitosan product, i.e., η = 453 cP for CHM1 and η = 915 cP for CHM2. The viscosity of a polymer solution can be related to the molecular weight according to the Mark-Houwink-Sakurada (MHS) equation, which for chitosan has been determined as η = 1.49·10 −4 M w 0.79 [22] . Hence, the MHS equation suggests that the molecular weights of chitosan CHM2 and CHH batches are 1.7 and 2.4 times that of the CHM1 batch, respectively. These higher molecular weight materials exhibited higher tensile strength and Young's modulus values, see Table 2 . The table also shows that our TS and γ values are lower than those reported in the literature for chitosan materials with a higher DD value. Table 2 . Properties of films prepared using chitosan from various sources (Source). Chitosan degree of deacetylisation (DD), glycerine content by weight relative to chitosan (GC), tensile strength (TS), Young's modulus (E), strain-at-break (γ) and water resistance (WR) for the different chitosan materials. "CHH" indicates high molecular weight chitosan, while "CHM1" and "CHM2" indicate two different batches of medium molecular weight chitosan, respectively. Glycerin had a significant effect on mechanical properties and also on water resistance (Table 1) . Briefly, CH0 and CH15 films showed extensive water swelling (>>1,000%), while CH30 and CH50 resulted in water swelling of 823 ± 31% and 331 ± 28%, respectively. The extensive swelling behaviour observed for CH0 films can be attributed to electrostatic repulsion between polymer chains. Previously, it has been hypothesised that swelling of CH films can be reduced by, either prevention of chitosan chain movement, or separation of the chains thereby impeding the electrostatic repulsion [25] . It is likely that glycerin's ability to participate in hydrogen bonding may limit chain movement, but further research would be necessary to confirm this suggestion. CH30 offers the best compromise between mechanical properties and water resistance and was adopted for our further investigations into the properties of composites from chitosan, TiO 2 and Ag.
Inclusion of TiO 2 and Ag results in mechanical reinforcement of CH30 materials ( Table 3 ). The mechanical properties of these films increase with increasing TiO 2 and Ag concentration. For example, addition of 30% TiO 2 (by weight relative to CH) results in an 11.8 fold increase in Young's modulus (from 25 ± 7 MPa to 294 ± 11 MPa). The increase in tensile strength and toughness values are both approximately 6 fold, i.e., from 6 ± 1 MPa to 35 ± 6 MPa and from 1.27 ± 0.01 J g , respectively, while the extensibility is not affected. Addition of 30% Ag resulted in a 12.9 fold increase in Young's modulus, a 3.0 fold increase in tensile strength and a 6.3 fold increase in toughness, while the extensibility increased marginally (from 32 ± 2% to 38 ± 4%). Our results demonstrate that CH-TiO 2 materials have significantly higher tensile strength compared to CH-Ag materials (Table 3) . Table 3 . Properties of composite films prepared using chitosan, TiO 2 and Ag (Film). Nano-particle content by weight relative to chitosan (NP), tensile strength (TS), Young's modulus (E), toughness (T), strain-at-break (γ), water resistance (WR), thickness (thick) and water vapor transmission rate (WVTR) for the different composite materials. All samples were prepared with 30% glycerin content by weight relative to chitosan. The WVTR for the blank control (no film) returned 439 ± 37 g m
. All films were prepared using chitosan batch CHM1. Scanning electron microscopy (SEM) was used to investigate the distribution of TiO 2 and Ag nanoparticles in the chitosan matrix. SEM images of the surface and cross-sectional area of the films (Figure 3) show that the nanoparticles are present in small aggregates near the surface, as well as being dispersed throughout the chitosan matrix. In comparison to CH30, the addition of only a small amount of TiO 2 (10%) resulted in a significant reduction in swelling (from 823 ± 31% to 73 ± 11%), while increasing the TiO 2 to 30% reduced the swelling to ~100%, see Tables 1 and 3 . In contrast, addition of Ag resulted in the opposite behaviour, i.e., increase in water swelling, which is in agreement with a previous report [14] . Thus, it is clear that addition of TiO 2 further reduces the movement of CH chain, while Ag increases chain movement. The order of magnitude reduction in swelling observed for TiO 2 is likely to arise from its ability to participate in hydrogen bonding with glycerin and chitosan. Whereas, it is suggested that incorporation of Ag may disrupt the effect of glycerin on the CH chains.
Water vapour transmission rates were calculated (using Equation (2)) from water mass loss-time curves (data not shown) and summarized in Table 3 . Interestingly, increasing the concentration of the nanoparticles did not significantly decrease the water vapour transmission rates (WVTR), compared to that of the control (439 ± 37 g m ) reported for eight commercially available synthetic wound dressings [21] . In particular, our values are directly comparable to those reported for the hydrocolloid based dressings IntraSite ).
Conclusions
Here we have investigated the mechanical reinforcement of chitosan with TiO 2 and Ag nanoparticles, and their water vapour transmission rates and water resistance behaviour. TiO 2 containing composite materials exhibited a significant mechanical reinforcement compared to chitosan films. For example, addition of 30% TiO 2 (by weight relative to chitosan) resulted in an 11.8 fold increase in Young's modulus, a 6 fold increase in tensile strength, and a 6 fold increase in toughness.
In comparison, addition of 30% Ag resulted in similar increases in Young's modulus and toughness values, but only a 3 fold increase in tensile strength. The extensibility (strain-at-break) of Ag containing materials was higher compared to that of TiO 2 containing materials.
The water vapour transmission rates were similar for both materials. However, inclusion of Ag lowered the water resistance (increased swelling) of chitosan films, while inclusion of TiO 2 resulted in an order of magnitude improvement in water resistance. On the basis of mechanical characteristics, water vapour transmission rates and water resistance behaviour, films containing TiO 2 nanoparticles result offer more promise for potential future development as components in wound dressing than those with incorporated Ag nanoparticles. This paper contributes to the development of nanoparticle reinforced materials.
